ABSTRACT.
The thylacine (Thylacinus cynocephalus), one of Australia's most characteristic megafauna, was the largest marsupial carnivore until hunting, and potentially disease, drove them to extinction in 1936. Current knowledge suggests that thylacines became extinct on mainland Australia two millennia prior to their extirpation on Tasmania, but recent "plausible" sightings on the Cape York Peninsula have emerged, leading some to speculate the species may persist, undetected.
Here we show that the continued survival of the thylacine is entirely implausible based on most current mathematical theories of extinction. We present a dataset including physical evidence, expert-validated sightings, and unconfirmed sightings leading up to the present day, and use a Bayesian framework that takes all three types of data into account by modelling them as independent processes, to evaluate the likelihood of the thylacine's persistence. Although the last captive thylacine died in 1936, our model suggests the most likely extinction date would be 1940, or at the latest the 1950s. We validated this result by using other extinction estimator methods, all of which confirmed that the thylacine's extinction likely fell between 1936 and 1943; even the most optimistic scenario suggests the species did not persist beyond 1956. The search for the thylacine, much like similar efforts to "rediscover" other recently extinct charismatic species, is likely to be fruitless, especially given that persistence on Tasmania would have been no guarantee the species could reappear in regions that had been unoccupied for millennia. The search for the thylacine may become a rallying point for conservation and wildlife biology, and could indirectly help fund and support critical research in understudied areas like Cape York. However, our results suggest that attempts to rediscover the thylacine will likely be unsuccessful.
INTRODUCTION.
The history of conservation biology has included a few exceptional errors, in which experts have pronounced a species extinct only to be "rediscovered." Perhaps most famous are "Lazarus" taxa known originally from the fossil record (e.g., the coelacanth, Latimeria sp., or dawn redwood, Metasequoia sp.), but even recently declared species extinctions can also sometimes be overturned; just this year, the "rarest dog in the world," the New Guinea highland wild dog (Canis lupus dingo), was rediscovered after an absence beginning in 1976. Hope of rediscovering an "extinct" species can inspire volumes of peer-reviewed research, and sometimes a single controversial sighting (Fitzpatrick et al. 2005) can be enough to reignite controversy and justify seemingly-endless field investigation, as in the ongoing search for the Ivory-Billed Woodpecker (Campephilus principalis) despite all odds (National Audubon Society 2016).
Similarly, in Queensland, Australia, two recent unconfirmed sightings have inspired a new search for the thylacine (Thylacinus cynocephalus).
The thylacine, or Tasmanian tiger, has been presumed extinct since the last captive specimen died on September 7, 1936 (Sleightholme & Campbell 2016) . Thylacines are believed to have gone extinct on the Australian mainland two millennia ago, persisting as Tasmanian endemics (Paddle 2002) . State-sponsored eradication in Tasmania between 1886 and 1909 caused a devastating population crash (Sleightholme & Campbell 2016) . This eradication campaign, combined with prey declines, could have been sufficient extinction pressure (Prowse et al. 2013 ), but other research strongly suggests a disease similar to canine distemper could have helped drive the species to extinction (De Castro & Bolker 2005; Paddle 2012 ). While the mechanism has been a topic of debate, the extinction status of the thylacine has been essentially unchallenged in peer-reviewed literature. Despite this, sightings have continued throughout Tasmania and mainland Australia, often gathering international media attention. In January 2017, two unconfirmed "detailed and plausible" sightings in the Cape York Peninsula of Queensland have sparked renewed interest in the thylacine's persistence, particularly in the Australian mainland; researchers currently intend to investigate those sightings using camera traps later this year (James Cook University 2017.).
Is there empirical support for this most recent search? Extinction date (τ E ) estimators have been a key part of parallel debates about the Ivory-billed Woodpecker (Campephilus principalis); what little work has been done on the thylacine places τ E in 1933-1935, with only one model (using temporally-subsetted data) suggesting the species might be extant (Fisher & Blomberg 2012) , and a subsequent study revising that estimate to suggest a rediscovery probability of zero after 1983 (Lee et al. 2017b ). These methods are sensitive to inaccurate data and false sightings, but recently developed Bayesian models differentiate between the processes of accurate and false sightings explicitly, allowing researchers to include uncertain sightings in models as a separate class of data (Solow & Beet 2014) . Here, we apply those models (and several other extinction date estimators) to thylacine sightings, and ask: what is the probability that the species might be rediscovered?
METHODS.
Most of the sightings in our dataset are from Sleightholme & Campbell's appendix (covering 1937 -1980 (Sleightholme & Campbell 2016) , which includes 1167 post-1900 sightings classified as a capture, kill, or sighting; and Smith's (1981) summary of 243 sightings from 1936-1980. Additional sightings were compiled from Heberle (2004) , as well as records detailed on public websites maintained by interested citizen groups (www.tasmanian-tiger.com, www.thylacineresearchunit.org, and www.thylacineawarenessgroup.com) supplemented by online news stories from 2007-2016. For each year from 1900-1939, we used the sighting of the highest evidentiary quality, with captures or killed individuals being confirmed specimens (n = 101; Table S1 ). This reduction to at most one record per year was only required by some models, such as that of Lee et al. (2014) below, and we aimed for data consistency across methods. Records were scored as confirmed specimens (e.g., from bounty records, museum specimens, or confirmed captures), confirmed sightings (sightings agreed as valid by experts), and unconfirmed sightings (sightings not considered valid by experts; Figure 1) . The final dataset we assembled spans 1900 to 2016, with the last confirmed specimen collected in 1937; a total of 36 of those years included confirmed sightings. Only one of those years (1932) was recorded with an expert sighting without physical evidence. Because there are also likely unreported unconfirmed sightings, we also ran models assuming that an unconfirmed sighting occurred in every year from 1940-2016, which produces a marginally higher chance of persistence, but without changing the overall conclusions ( Figure S2) .
For all analyses, we considered the species across its historical range (i.e., mainland Australia and Tasmania), including valid sightings from Tasmania alongside highly questionable sightings from mainland Australia, despite the species' extirpation two millennia earlier on the continent; we consider this the only optimistic modeling scenario for the thylacine's persistence in which recent high-profile sightings could be valid, even if it correspondingly represents one of the most biologically implausible scenarios. In the Supplementary Information, we present an analysis using only confirmed sightings from Tasmania, which could be considered a more realistic analysis of the probability the thylacine persisted on Tasmania alone (though this would fail to explain the most controversial recent sightings throughout, primarily, mainland Australia).
Bayesian Extinction Estimators
Methods to identify likely extinction dates from time series data have been popular in conservation biology since the 1990s, but the majority fail to account for the variability in quality and certainty within most sighting records (Boakes et al. 2015) . However, several Bayesian methods have been developed recently that incorporate variable sighting quality and invalid sightings into extinction date estimation. These methods rely on the assumption that the species is extinct (E) given a time series of sightings t is given by
is the scenario that the species is not extinct within the timeframe in question. The prior probability of extinction P(E) can be hard to define, though is sometime uninformatively set to 0.5 for explicit estimation of 
A handful of sighting date methods have been developed using Bayesian frameworks that allow estimation of the Bayes factor and thereby support hypothesis testing. The set of models on which we focus were first developed by Solow et al. (2012) , who proposed a method in which all sightings leading up to a date t L (the date of the last certain sighting) were certain and all after were uncertain. In that model, valid and invalid sightings are generated by stationary Poisson processes with different rates, but certain and uncertain sightings had the same rate (Solow et al. 2012) . A more recent revision (Solow & Beet 2014) proposed two major modifications. In their first modification ("Model 1"), the same assumptions are made as in the original method, except that uncertain sightings are permitted before t L . Their second modification ("Model 2," which we use here) differs more notably, in that it also treats certain and uncertain sightings as independent
Poisson processes. This model is especially recommended for cases in which certain and uncertain sightings "differ qualitatively," as in this study; for example, we note that blurry photographic or video evidence, or crowdsourced sighting records from citizen groups, are a unique issue for later, uncertain thylacine sightings. Therefore, this model is more appropriate than Model 1 (or their 2012 model) for our study. 
is calculated as the product of those two terms.
The posterior probability that the species became extinct in the interval [0,T), which we denote as an event E (with alternate hypothesis ‫ܧ‬ ത ), is given for a prior ‫‬ ሺ τ ா ሻ as:
The alternate probability ‫‬ ሺ ‫ݐ‬ | ‫ܧ‬ ത ሻ can be calculated by evaluating the same expression given above for
The Bayes factor is given as
and expresses the relative support for the hypothesis that extinction happened in the interval [0,T). The most subjectivity in the method is therefore introduced in selecting the prior τ ா .
Solow
& Beet (2014) suggest three possibilities: a (1) linear or (2) exponential decline after the last confirmed sighting, or a (3) uniform (uninformative) prior. We elected to use the uniform prior in all the models, as it makes the least constrained assumption about the species' likely extinction status.
In addition to the models developed by Solow & Beet (2014) , we also include another Bayesian model (Lee et al. 2014 ) that builds on similar foundational work (Solow 1993; Solow et al. 2012) . Like Solow and Beet's (2014) Model 2, the model from Lee et al. (2014) treats certain and uncertain sightings as separate processes, and Lee et al. (2014) make slightly different recommendations regarding how to select a prior probability that a given sighting is valid, but the overall intention of the model is largely the same. The approach in Lee et al. (2014) is also implemented stochastically using an MCMC approach in BUGS, whereas Solow & Beet's (2014) model explicitly calculates likelihoods. Here we implement it with some of the simplest possible assumptions: the false positive rate for certain sightings is zero while the false positive rate for uncertain sightings samples from a large uniform distribution. That method can also be more flexibly implemented by assigning different priors to different categories of evidence, as Lee et al. (2014) suggest; but rather than use somewhat arbitrarily chosen priors to differentiate among our uncertain reports (a refinement with limited benefits, per a recent study [Lee et al. 2017a ]), we simply divide our data into certain and uncertain sightings. A small handful of other Bayesian models exist, but we have included the two appropriate recentlydeveloped Bayesian methods with available code (Boakes et al. 2015) .
Other Extinction Estimators
For the sake of completeness, we also include several other popular and widely-used non-Bayesian estimators with varying levels of complexity (Rivadeneira et al. 2009; Boakes et al. 2015) , readily calculated using the R package 'sExtinct' (Clements 2013a) . Were we to include every unconfirmed, controversial sighting up to 2016, and thereby treat these as valid sightings (as these models make no such distinction), all methods would indicate that the species is unequivocally extant. Consequently, we limit the implementation of other methods to two practical applications, examining how results change by either including (a) only confirmed, uncontroversial specimens and (b) both confirmed specimens and confirmed sightings ( Figure   S1 ).
Among the methods we include, Robson and Whitlock (1964) suggested a nonparametric method based on the last two sightings:
This produced the latest thylacine τ E (see Figure S1 ), as expected, given that the method can be prone to severe overestimation. Burgman et al.'s method (1995) uses the length of the period of observation, the number of years with and without records, and the length of the longest consecutive set of years with records to derive a combinatoric probability of unobserved presence. Similarly, Strauss and Sadler (1989) developed a Bayesian method focused on the discrepancy between the observed interval of sightings (between the first and last sighting) and
the "true" range of a species in the fossil record. Setting a precedent on which more current methods are based, Solow's original method (Solow 1993) assumes that sightings are a stationary Poisson process, with the probability of persistence
However, a subsequent formulation makes the more accurate assumption that sightings actually follow a truncated exponential distribution, declining until extinction (Solow 2005) . Finally, the optimal linear estimator (OLE) method is the most robust non-parametric extinction estimator (Roberts & Solow 2003) ; based on a subset of the last s sightings of k total,
The results of these various analyses are presented in Table 1 and Figure S1 .
RESULTS.
The model that differentiates sightings by certainty explicitly found 1940 as the most likely value of τ E (with the posterior likelihood declining rapidly thereafter; Figure 2) , and an extremely low probability that the thylacine could be extant (Solow & Beet Bayes factor = 6.08912 × 10 13 ; or, an odds ratio of 1 in 60.9 trillion; using Lee et al.'s (2014) 1; Figure S1 ).
DISCUSSION.
Based on the results of our primary model, it remains plausible that the thylacine's extinction could have occurred up to a decade later than believed. But for thylacines to appear in 2017, especially where they are believed to have been absent for two millennia, is highly implausible.
The two sightings from Cape York described as "detailed" and "plausible" may be so, from a strictly zoological perspective; but from a modeling standpoint, they fit neatly into a pattern of ongoing, false sightings that follows nearly any high-profile extinction. Models can be wrong, and new data may overturn a century of common knowledge in what could be one of the most surprising re-discoveries in conservation history.
The hope of rediscovering extinct species is one of the most powerful emotional forces in conservation, and can bring attention to threatened species and ecosystems while igniting public interest (and funding) (Clements 2013b) . The search for the thylacine may reap those benefits, and the proposed 2017 search has already gathered significant attention from journalists and social media. Moreover, the data that will be collected during the search for the thylacine in Cape York may well be invaluable for other conservation studies. But the ongoing search for extinct species, in the broader sense, likely drains critical funds that the conservation of near-extinct species desperately requires. About 7% of some invertebrate groups may already have gone extinct, at which rate 98% of extinctions would be entirely undetected (Régnier et al. 2015) .
Globally, 36% of mammal species are threatened with extinction (classified as Vulnerable, Endangered of Critically Endangered), including 27% of native Australian mammals (IUCN 2016), and limited resources can be better spent reversing those declines, than chasing the ghosts of extinction past. extinction prior to that date is not considered).
